High-quality InAs 0.8 Sb 0.2 lattice matched to AlSb has been successfully grown on semi-insulating InP substrates by gas source molecular beam epitaxy using an AlSb/ AlAs 0.5 Sb 0.5 buffer layer structure. Due to the inserted AlAs 0.5 Sb 0.5 layer between AlSb and InP, a two-dimensional growth mode is always maintained during the growth. Despite the large lattice mismatch between the InAs 0.8 Sb 0.2 epilayer and InP substrate, the room temperature electron mobility of a 2000 Å thick InAs 0.8 Sb 0.2 has reached ϳ15 000 cm 2 / V s. Compared with InAs 0.8 Sb 0.2 grown on GaAs using a single AlSb buffer layer, this method requires a thinner ͑Յ1 m͒ buffer layer structure.
I. INTRODUCTION
Compound semiconductors with lattice constant around 6.1 Å have drawn much attention in recent years. [1] [2] [3] [4] One of the most important advantages is its high electron mobility. For example, the electron mobility in high purity InAs can reach 30 000 cm 2 / V s at room temperature, while room temperature electron mobility of InSb can reach 78 000 cm 2 / V s, atop all the other compound semiconductors. 5 The possessed high electron mobility makes them good candidates for high-speed and low-power electronic applications, such as portable electronics. Despite the excellent characteristics of these alloys, the lack of lattice-matched high quality semi-insulating substrates severely limits the development. One of the most popular methods is growing InAs on GaAs substrate with a thick buffer layer of more than 2 m to overcome the large lattice mismatch between GaAs and InAs. With this method, modulation-doped InAs high electron mobility transistors ͑HEMTs͒ have been demonstrated. 6, 7 However, the required thick buffer layers need an extended growth time, and their functions of reducing defect density vary for different growth techniques. Compared to GaAs, InP has a 50% smaller lattice mismatch with 6.1 Å materials and is expected to be capable of achieving better results. Second, the InP has a higher thermal conductivity than GaAs, which provides more protection to the Sb-compound layers from overheating. Despite these advantages, only a few studies about growing 6.1 Å materials on InP have been reported. 8 In this paper, we present a technique of growing a high quality InAs 0.8 Sb 0.2 layer on InP substrates, using relatively thin AlSb/ AlAs 0.5 Sb 0.5 buffer layers.
II. EXPERIMENTS
The epitaxial growth was carried out in a gas-source molecular beam epitaxy system. Arsine ͑AsH 3 ͒ and phosphine ͑PH 3 ͒ injected through high temperature crackers were used to generate As 2 and P 2 , respectively. Mass flow controllers were used to adjust the flows of these two gases. An antimony molecular beam was supplied by thermally decomposing high purity antimony into Sb 2 via an antimony valved cracker. The Sb 2 flux was precisely controlled by a needle valve located at the front of the valved cracker. The substrate temperature was controlled and monitored by a thermocouple in contact with the backside of the sample holder. A pyrometer aiming at the center of the sample was also used to measure the substrate temperature through a quartz view port on the growth chamber. During the growth, the reflection high-energy electron diffraction ͑RHEED͒ patterns were used to monitor the status of the surface reconstructions.
Two-inch diameter epi-ready semi-insulating ͑001͒ InP substrates were cut into quarters and mounted on molybdenum pucks with high-purity indium. The epitaxial growth on InP substrates started with the surface oxide desorption process by heating the substrate up to about 480°C under a P 2 overpressure. After desorption of surface oxide where a clear ͑2 ϫ 8͒ streaky RHEED pattern was observed, the InP buffer layer was first grown, followed by a 1000 Å AlAs 0.5 Sb 0.5 lattice matched to InP. Following the AlAs 0.5 Sb 0.5 layer was an AlSb layer of different thicknesses, from 2000 to 16 000 Å. Finally, the growth was concluded with a 2000 Å unintentionally doped InAs 0.8 Sb 0.2 active layer, which was grown under different substrate temperatures to optimize the electron mobility. One reference sample without the 1000 Å AlAs 0.5 Sb 0.5 buffer layer was also grown for comparison purposes.
After the growth, the lattice constants of the structure were determined by measuring the rocking curves of the grown structure in a Bede D1 high-resolution x-ray diffraction system. Hall measurements were carried out to determine the electron mobility and carrier concentration. Crosssectional transmission electron microscopy ͑XTEM͒ was used to evaluate the microstructures of hetero-interfaces. 
III. RESULTS AND DISCUSSIONS
The lattice mismatch between AlAs 0.5 Sb 0.5 ͑lattice matched to InP, a = 5.8686 Å͒ and AlSb ͑a = 6.136 Å͒ is about 4.7%. Generally the two adjacent layers with such a large lattice mismatch will result in a change of growth mode from two-dimensional ͑2D͒ to three-dimensional ͑3D͒. We would expect the appearance of spotty RHEED patterns at the initiation of AlSb layer growth on AlAs 0.5 Sb 0.5 . However, this was not observed during the AlSb/ AlAs 0.5 Sb 0.5 growth transition. Instead, the RHEED patterns maintained the smooth streaky ͑1 ϫ 3͒ patterns during the transition. The AlSb/ AlAs 0.5 Sb 0.5 bi-layer buffer layer structure certainly provides a smooth 2D growth front, which could improve the electron mobility of the InAs 0.8 Sb 0.2 layer.
It was determined that antimony acts as a surfactant during epitaxial growth of lattice-mismatched hetero-layers to suppress the 3D growth and enhance a planar growth front. 9, 10 During the growth of antimony compounds, the antimony atoms have the tendency to segregate from the bulk, forming a thin layer floating on the growth front. When growing the AlSb/ AlAs 0.5 Sb 0.5 buffer layer structure, the antimony anion common to both layers acts as a surfactant and promotes a 2D growth front. This assessment is supported by the smooth streaky RHEED pattern observed during the transition between theses two layers. Even though the 2D growth mode was observed, the large lattice mismatch between AlSb/ AlAs 0.5 Sb 0.5 and InP must be accommodated through the formation of dislocations. As expected, as shown in Fig.  1͑a͒ , the XTEM image of the AlSb/ AlAs 0.5 Sb 0.5 interface shows a high density ͑Ͼ10 10 cm −2 ͒ of threading dislocations. After the growth of 8000 Å of AlSb buffer layer, the threading dislocation density reduced dramatically and only very few are visible in XTEM images. The improvement of the electron mobility of the InAs 0.8 Sb 0.2 layer was further studied by increasing the total buffer layer thickness. Figure 2 shows the electron mobility improvement as the AlSb buffer layer thickness is increased while keeping the AlAs 0.5 Sb 0.5 layer thickness fixed at 1000 Å. A growth temperature of 360°C was used for InAs 0.8 Sb 0.2 growth. When the AlSb buffer layer thickness increases from 1000 to 8000 Å, the corresponding electron mobility improves from 2000 to 15 000 cm 2 / V s. However, as the buffer layer thickness further increases to 16 000 Å, the electron mobility does not improve further. One possible reason for the electron mobility saturation in InAsSb could be attributed to the finite impurity scattering from the unintentionally doped background impurities with a concentration near mid-to-high 10 16 cm −3 . The electron mobility of InAs 0.8 Sb 0.2 layers was also studied through the growth temperature optimization. Using a fixed buffer layer structure of 8000 Å AlSb/ 1000 Å AlAs 0.5 Sb 0.5 , the measured electron mobility in the 2000 Å InAs 0.8 Sb 0.2 layers is shown in Fig. 3 . It is clear that when the InAs 0.8 Sb 0.2 growth temperature decreases from 445°C to 360°C, the electron mobility increases from 12 000 to about 15 000 cm 2 / V s. Further decreasing the growth temperature to 340°C does not improve the electron mobility further. This result indicates that the electron mobility may be improved further by optimizing additional growth parameters such as the growth rate and V/III flux ratio.
Since the thin InAs 0.8 Sb 0.2 was grown directly on AlSb, a two-dimensional electron gas ͑2DEG͒ may form at the hetero-interface and contribute to the measured high electron mobility. To minimize the 2DEG effect at the interface, we have grown an InAsSb with a thickness of 8000 Å. The corresponding electron mobility was increased from ϳ15 000 to ϳ16 500 cm 2 / V s. The improvement of the measured electron mobility may largely attribute to the better material quality of the thick InAsSb. Therefore, the measured electron mobility data shown in Figs. 2 and 3 are mainly from the bulk material instead of from the InAsSb/AlSb interface. However, we cannot totally isolate the contributions from 2DEG and require further studies.
The typical electron mobility at room temperature of bulk InAs with a donor concentration of 10 17 cm −3 is about 16 000 cm 2 / V s.
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Adding Sb into InAs to form InAs 0.8 Sb 0.2 , which is lattice matched to AlSb, may enhance the electron mobility. However, due to the added alloy scatterings, the mobility improvement is expected to be limited. Since there is no reported mobility value of InAs 0.8 Sb 0.2 , the results of a HEMT device with a digital alloy well to approximate an InAs 0.8 Sb 0.2 random alloy channel are compared instead. 12 For the reported HEMT structure grown on a GaAs substrate using a 2.1 m AlSb buffer layer, the electron mobility and sheet carrier density of the InAs 0.8 Sb 0.2 channel are 14 000 cm 2 / V s and 1.4ϫ 10 12 cm −2 , respectively. This is comparable to the room temperature electron mobility value of the unintentionally doped InAs 0.8 Sb 0.2 achieved in this study, which is 15 000 cm 2 / V s. Nevertheless, a thin AlSb/ AlAs 0.5 Sb 0.5 bi-layer buffer structure of 9000 Å was used in this study.
IV. CONCLUSION
In summary, high electron mobility InAs 0.8 Sb 0.2 has been successfully grown on InP ͑001͒ substrates using a thin AlSb/ AlAs 0.5 Sb 0.5 bi-layer buffer structure of less than 1 m. The insertion of the AlAs 0.5 Sb 0.5 buffer layer between AlSb and InP leads to a smooth growth transition and a 2D growth front at the inception of AlSb growth. Using this buffer layer structure coupled with optimized growth conditions, the room temperature electron mobility of InAs 0.8 Sb 0.2 reaches as high as 15 000 cm 2 / V s. This value is comparable to the InAs 0.8 Sb 0.2 channel mobility in a HEMT structure grown on GaAs substrate using a thick ͑Ͼ2 m͒ AlSb buffer layer. In addition, the semi-insulating nature of the AlSb/ AlAs 0.5 Sb 0.5 buffer layer structure and the higher thermal conductivity of InP make the InAsSb-on-InP structure an excellent material of choice for high-speed low-power electronic device applications utilizing compound semiconductor alloys with lattice constant near 6.1 Å.
